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ABSTRACT The small-subunit rRNA gene sequences of
the flagellated protists Euglena gracilis and Trypanosoma
brucei were determined and compared to those of other
eukaryotes. A phylogenetic tree was constructed in which the
earliest branching among the eukaryotes is represented by E.
gracilis. The E. gracils divergence far antedates a period of
massive evolutionary radiation that gave rise to the plants,
animals, fungi, and certain groups of protists such as ciliates
and the acanthamoebae. The genetic diversity in this collection
of eukaryotes is seen to exceed that displayed within either the
eubacterial or the archaebacterial lines of descent.

The eukaryotes can be represented as four major divisions:
the Protista, the Fungi, the Plantae, and the Animalia (1). The
order of succession for these major eukaryotic lineages is an
unsettled question, but it is generally accepted that the first
eukaryotes were most similar to certain members of the
present-day Protista. Efforts to reconstruct the evolutionary
history of protists, and hence the phylogenetic origins of the
major eukaryotic divisions, have been frustrated by the
enormous physiological, cytological, and biochemical diver-
sity exhibited by these "simple" microorganisms. Tradition-
al phylogenetic analyses-i.e., examination of the fossil
record and comparative studies of phenotypes-are suitable
for defining relationships between multicellular organisms,
but they are of limited value in determining relationships
among the protists. These soft-body organisms are not well
represented in the fossil record, and there is little agreement
regarding which phenotypic characters are most useful for
inferring protist relationships. Furthermore, comparative
studies of phenotypes do not provide quantitative measures
of genetic similarity that can be used to deduce the order of
branching for the major eukaryotic lines of descent.
As an alternative, comparisons of the nucleotide or amino

acid sequences of functionally equivalent macromolecules
can be used to infer quantitative phylogenetic relationships
between diverse organisms (2). Amino acid sequence homol-
ogies among cytochrome c molecules (3, 4), ferredoxins
(5-7), and superoxide dismutases (8-10) have been useful for
refining classical eukaryotic phylogenies, but they are of
limited value in resolving the deepest phylogenetic branching
patterns. The use of cytochrome c and other genes that are
defined by plastid and mitochondrial genomes as "molecular
chronometers" for measuring eukaryotic relationships is
further complicated by their non-nuclear origin. It is now
apparent that plastids and mitochondria arose as bacterial
endosymbionts within some ancestral eukaryotes (11-13).
Therefore, genes that are contained within the plastid or
mitochondrial genomes or genes that were present in the
original bacterial endosymbionts and then transferred to the
nucleus-e.g., cytochrome c genes-should be regarded as
markers of prokaryotic rather than eukaryotic evolution.

By comparison, the rRNAs are better suited for defining
evolutionary relationships. They are universally distributed
and are functionally equivalent in all known organisms.
Numerous phylogenies based on comparisons of the 5S and
5.8S rRNA species (14-16) have been proposed, but because
of their small size these molecules do not provide statistically
accurate measurements for very close or very distant rela-
tionships (12). In contrast to the 5S and 5.8S species, the
small-subunit rRNAs (16-18S rRNAs) are sufficiently large
to permit the statistically accurate measurement of a broad
range of phylogenetic distances. These RNAs contain highly
and partially conserved sequences, which can be used to
measure phylogenetic relationships that span kingdoms;
other regions of the molecule that display greater rates of
genetic drift can be used to measure closer evolutionary
distances (12).

Small-subunit rRNA sequences have been reported from
two protist groups: the Sarcodina as represented by
Dictyostelium discoideum (12) and the Ciliophora as repre-
sented by Tetrahymena thermophila (17) and Stylonychia
pustulata (18). In this manuscript, we have expanded our
phylogenetic analysis by determining the small-subunit
rRNA gene sequences from the flagellated protists Euglena
gracilis and Trypanosoma brucei. Using these sequences, we
have inferred a phylogeny that provides a perspective on the
evolution of the major divisions in the eukaryotic line of
descent.

EXPERIMENTAL PROCEDURES
Subcloning of rRNA Genes and DNA Analysis. The recom-

binant plasmid pGH174, which contains the small-subunit
rRNA gene for T. brucei (inserted into the BamHI site of the
plasmid pAT 153), was provided by J. S. Cordingley (19).
The plasmid was grown in Escherichia coli strain HB-101 and
amplified in the presence ofchloramphenicol (30 ,ug/ml). The
NaDodSO4 alkali lysis procedure described by Maniatis et al.
(20) was used to isolate the recombinant plasmid. A 2-
kilobase-pair HindIII/HindIII subfragment together with a
1.85-kbp HindlI/EcoRI subfragment contain the T. brucei
small-subunit rRNA coding region. These restriction frag-
ments were isolated as described (18) and subcloned in the
"multiple cloning" site of the M13 (mp9) single-stranded
phage (21).
The E. gracilis small-subunit rRNA gene (inserted into the

EcoRI site of the phage X Charon 9) was provided by J.
Rawson (22). The recombinant phage were propagated in
liquid cultures ofNZY medium (per liter: 1.0 g of MgCl2/5 g
ofNaCl/10 g ofNZ-amine/5 g ofyeast extract) in E. coli strain
K-802 (22) and isolated as described by Williams and Blattner
(23). The E. gracilis small-subunit rRNA coding region
resides on a 6.1-kilobase-pair HindIII/HindIII subfragment
that was subcloned into the M13 (mpl8) multiple cloning site.
M13 templates containing the coding and noncoding strands
of the small-subunit rRNA genes were sequenced by using a
modification of the dideoxynucleotide chain-termination pro-
tocols (24) as described (18). Synthetic oligonucleotides (25)
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that are complementary to phylogenetically conserved small- RESULTS
subunit rRNA sequences were used to prime the sequencing Fig. 1 displays the sequences for the small-subunit rRNAreactions.

cdn einfo .gaii n .bue lge ihtaHomology Calculations and Tree Construction. The align- cof.dingreionefrmE.grclihndTebuealignmeteeifunedwit that
ment methods that were used to juxtapose evolutionarily ofDdiodemThalg enswrifuncdb1S
homologous regions in the small-subunit rRNAs and 'the rRNA sequences not shown in the figure from rat (26), rabbit
methods for inferring phylogenetic trees from structural (27), Xenopus laevis (t8), Artemia salina (29), Zea mays (30),
similarity calculations are detailed elsewhere (18). Similarity rice (31), Acanthamoeba castellanii (unpublished data), Sac-
values were calculated from those regions of the small- charomyces cerevisiae (32), Paramecium tetraurelia (unpub-
subunit rRNAs that display obvious structural similarity in all lished data), Tetrahymena thermophila (17), S. pustulata
of the compared molecules. Approximately 1130 positions (18), and Oxytricha nova (18). The putative terminal se-
were considered in the analysis. quences of the T. brucei and E. gracilis small-subunit rRNAs

a~~~~~~~~~~~~~~~~~~~~~UCRM138ab ------ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~122
C ~~~~~~~~~~~~~~~~~--C----A---- 126

a GC-------------AUtUAC- AAU -AU~AGCCCUMUUUUCAIUCGUM GCUUGJUGUAC-------GCACUUWGUCGG 237
b ACUUUCXGUU----------GG ACUGGC-----------------------------193
cAGUGCUGCGGUC~ACCUGC AAGGACcCCM- CA Ai GCCGCGCCAIJGCAACACUCGGCAGGG AUCCUGUCUCCGGACAGUCC OJUCACMGGUG(GCa3(a 265

a -GUAAG-CA--- UUA ACCAACGC-CUCCACCCOGGG GGCAGUAACACUCAGACGUG -----JGAGCC U----UUUGCUCGGCG--UC 357
b ---AACGGAAG=CIJ - ACCRAAUCICCCUM----------GGUUWUGG-- --AUU ---GGAUU-----U-AUCUUCG&CAA 287
cGUAUGCCCAG-CUGAUA~c AGUGJUGtXGCAUG--- ----GUUACUCAGGC -AGU UU~G~AGCOCUCGMAUGMCCcACUJG 390

b AA--552
CAGACAGU ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~663
aJMWCW"&==A~ ~ ~~~~~~~~~QJ~ GUGGGCCACGUJAGUUUUGUG CCGUJGCAGUMCCGUCCACC UCGGACGUGMUGAUCCCAC 772
b ~~~~~~~~~~~~~~~~~~~~JA-AGGU-UU---ACCG GGUUAUGUCMJUACCACU UCGU-GG-UAAAUCGAC-A 681
C~~~~~~~~~~~~~~~~~~~~ACGGGCUGCAGGUCUGCUGGG UGGCQX2RAJUGUMUUC UGGCCAGGGAAGGACCUCGG 803

a GCCCUOGUGGCCC(QJGAACA CACUICAGAUACAAGAAACAC GGGAGCGGUCCUCCUCACU UUCACCcAU-----------------W----------------- UAU 846
b -CCG-GJ-AUC-UCUUCUU AAUAMJUCAGCUUGUAUUAU CU-UUGAUAGUGCUUGWUUG GACAUUUCA--------------------------------------745
cUUCGACCC-UGUGUUGGGCU GCAAC~GCV=CUCAACCC CCAGUGGUACGUCCCUGC-G CCCCCUCUCAGUCGAUGGW GAGAUCUCUCCUGCCAAA GUUGCUUCACUCAUGGCA AAGCGGUUUAUGCCUOCCLGC 941

a GCAUGCGAGGGGGCG[JCCGI GAAUUUyUA-G--------------------------------UG CCAU~UAAA 926

cACUGGCAACGGACACCAACA GGGGACCCAGCCUCGAGCUG GGUAGUCUACCUCUGGUCCA CCACCGGAGCCACCGUCUUCGACACG AGC~AJUCAif 1080

a ~~~~~CCCUGGGGCCA----CCGUU UCGGCUUJU UUA AAGUCCUUGGGAGAUUAUGG GGCCGCGUGCCUUGGWUCGG UGUUUCGUGUCUCAUUUUG UGGCGCGCACAUUCGGCUCU 1062
b AUUUUACGCUA--------------- UUUAA----------------------------------------844
A CACACACCAAQJGUGCUGUGGAGUUGGUG CC CUGGACAACCUGGUGUGU UUCCUGCAGGAUCAACAGGA UCGUJUGCCCUGCCIJGGCCUU CGG CUCGUCAGGCtUUQGU 1220

a UCGUGAUGUUUUUACAU CAUUGACGAOGOG~GGUCCA----- 1193
b -------------------- U--U----A-939
cCCCCUGUCCC-------------ACC-U--GGGACUGt 1340

a AUACUGWGCCCGUGUGGCGGCCUIPJUG 1331
b ---------U--------AAA-AAA--U1051
C 1456~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~15

a UGCCGACCCGG~CCCCAAU UUAUUUUCAAUUACGUGC CAUUMUAUCACCCCCGGU CCCUCIUUUAGGUUCUUCC GGGGtUUUUUACGGGAAUAU cUCCU---c1466JC
b ---------- ----------------UUULcAAUUU -AU---------PJG- 1085
--------------------- -----UCCUAGACUC UGUCf)CAC(JCACA----1499

C GAAACUUAAAGGAAUUGACG ~~~~~~~~~~~~~~~~~~~~~~~~~~~~1637

a CGGUGCCUGGMAAJUCCACAC 1744
b ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~GUAGUMUUAUUAGUCGUA1363
C~~~ ~~~~~~UGGAGCCUGAGGCUCGCAUUUGGU 1776

a AGGACAGCAGJCCCUCCGGC GGGGAUUUUUUCCCCAACG uGGuCGUCAUCCUUCUUUUU ACAGGCC------------16b UAGACGAUAGCUUUUCGGG GUUUGGAAUGAUUUCGWCA UCUCCUGCUCAAGGAGUGU GUAGUCUGACUCGAUAGGUA CGAAUUCCGCUCAC 1500cAGGC2UCGGCUGCUGGUGG CAG=CCCGGCACAGGGG GAGAU(2ACGUAGCAUGCU CCC------GAGAGCC UCCAGUUCCCAGLAGGCA UC 1906

a~~~ ~~~~~~~~~~2QGG - -UCCGAGCGG CACUUCACAUG GCUn19
b ~~~~~~ ~~~~~~~~---AGGA---------~G_ fi --10
C~~~UA ---CACA CUCUCCAC--UCCG-- 23

b U~~~~~~~~~~~~~~~~~~~~~~~CC
C C~~~~~~~~~~~~~~2C170

a CAWA UCGUCCU-----------25
bSAGUUAA- UCUGI) ------OGCAAC ACU-GMAAAJA 1871
cGAGUCAU AGGCGGCCUCUCG;GGGCAGU AGAGCAUCCCAGC U GGACGAUGUC-CAGCCACUA 2305

FIG. 1. Alignment of the small-subunit rRNA sequences from T. brucei (a) and E. gracilis (c) with that ofD. discoideum (b). The sequences
were initially aligned on the basis of obvious primary structure homology. The locations of phylogenetically conserved secondary structures
were then juxtaposed to refine the alignments where length variation occurred. Boxed regions indicate nucleotide positions that are absolutely
conserved in all known eukaryotic small-subunit rRNA genes. A number system for each sequence is provided in the figure.
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are identified by their structural similarity to the highly
conserved terminal regions found in other eukaryotes. The
apparent lengths of the T. brucei and E. gracilis sequences
are 2251 and 2305 nucleotides, respectively, which compares
to representative eukaryotic small-subunit rRNA chain
lengths of 1753 nucleotides for T. thermophila (17) and 1874
nucleotides for rat (26). The extra nucleotides are accounted
for by three major insertions, which correspond to the D.
discoideum positions 745, 844, and 1051. These regions
display considerable length variation in all eukaryotic small-
subunit rRNA sequences. The insertions may define introns,
but electrophoretic and velocity sedimentation analyses have
shown the T. brucei and E. gracilis small-subunit rRNAs to
be larger than their evolutionary homologues in other
eukaryotes (19, 33).

Table 1 shows the similarity values and the structural
distances (number of substitutions per site) for comparisons
of the small-subunit rRNA coding regions from T. brucei and
E. gracilis with those of other eukaryotes as well as
Halobacterium volcanii (34), Sulfolobus solfataricus (G. J.
Olsen, personal communication), E. coli (36), and Anacystis
nidulans (35). The analysis is restricted to a total of 1130
positions, which can be unambiguously aligned on the basis
of obvious primary and secondary structure homology in all
of the considered sequences. The E. gracilis and T. brucei
sequences consistently display the lowest similarity to other
eukaryotic small-subunit rRNAs. Furthermore, on the basis
of rRNA similarity these two flagellated protists are not
specifically affiliated with one another. The low degree of
homology between the T. brucei and the E. gracilis se-
quences with their evolutionary homologues in other
eukaryotes is reflected by base substitutions at positions that
are invariant in the other eukaryotes. When T. brucei and E.
gracilis are excluded from a consensus sequence analysis, the
nucleotide usage is absolutely conserved at 856 positions. Of
the 856 conserved positions, only 715 in the E. gracilis and
733 in the T. brucei sequences remain unchanged. The
locations of the conserved positions are indicated in Fig. 2.
A modification of the distance matrix methods of Fitch and

Margoliash (37) was used to convert the structural distance
data into the phylogenetic tree shown in Fig. 2 (18). This
phylogeny reveals that T. brucei and E. gracilis represent two

deep but apparently separate branchings in the eukaryotic
line of descent. (The E. gracilis and T. brucei branching
points are too close to exclude the possibility that they
diverged from one another very soon after their separation
from the other eukaryotes.) The phylogenetic origins for the
plants and animals correspond to a period of massive evo-
lutionary radiation, which gave rise to the Fungi and a
number of other protists including the ciliates and the
acanthamoebae.

DISCUSSION
The rRNA similarity values in Table 1 and the phylogenetic
tree in Fig. 2 illustrate a striking genetic diversity for the
eukaryotes. Two deep independent branches represented by
T. brucei and E. gracilis exceed the known depths of
branching within the eubacteria or the archaebacteria. Al-
though the homology data indicate that E. gracilis represents
the earliest divergence from the mainstream of eukaryotic
descent yet characterized by molecular phylogeny, our tree
almost certainly underestimates the true diversity within the
eukaryotes. Dinoflagellates, red algae, and Pelomyxa are
likely to have diverged from the rest of the protists before
Euglena did (1, 38). Rather than being a cohesive group equal
in some phylogenetic way to the other major divisions, the
protists are an assemblage of eukaryotic lineages; the diver-
sity within the kingdom Protista dwarfs that of the Plantae,
Fungi, and Animalia combined. A similar degree of protist
diversity is seen in phylogenies based on 5S rRNA sequences
(16), but the branching patterns are significantly different.
For example, the ciliate divergence in our tree occurred much
later than that of euglenoids and kinetoplasts. The low
number of independently variable positions in 5S rRNAs
contributes to a statistical uncertainty in the ordering of deep
branches in phylogenetic trees.
The low homology of the E. gracilis and T. brucei se-

quences with other eukaryotes does not represent a rapid rate
of evolutionary drift. If a sequence is subject to aberrant
mutation rates, its homology with a distantly related se-
quence will differ from the homology of close relatives and
the distantly related control sequence. As shown in Table 1,
the homology between E. coli or H. volcanii and the flagel-

Table 1. Structural similarity and distance data between eukaryotic, eubacterial, and archaebacterial small-subunit rRNA gene sequences

Organism a b c d e f g h i j k 1 m n o p q r

a 0.972 0.909 0.867 0.868 0.864 0.864 0.837 0.800 0.839 0.840 0.798 0.731 0.712 0.590 0.602 0.569 0.550
b 0.029 0.907 0.865 0.866 0.862 0.861 0.833 0.800 0.836 0.838 0.803 0.730 0.718 0.589 0.601 0.567 0.545
c 0.097 0.100 0.866 0.867 0.860 0.860 0.830 0.789 0.834 0.836 0.805 0.724 0.716 0.601 0.598 0.572 0.545
d 0.146 0.148 0.147 0.994 0.929 0.904 0.855 0.847 0.903 0.903 0.832 0.743 0.733 0.604 0.605 0.578 0.567
e 0.145 0.148 0.146 0.006 0.928 0.906 0.887 0.849 0.901 0.905 0.831 0.744 0.734 0.600 0.604 0.579 0.565
f 0.150 0.152 0.155 0.075 0.076 0.908 0.893 0.849 0.900 0.900 0.840 0.746 0.732 0.598 0.602 0.581 0.564
g 0.150 0.153 0.154 0.103 0.100 0.098 0.893 0.862 0.905 0.908 0.825 0.737 0.733 0.605 0.617 0.590 0.557
h 0.184 0.188 0.193 0.125 0.123 0.116 0.115 0.881 0.923 0.927 0.827 0.733 0.743 0.599 0.612 0.583 0.562
i 0.232 0.232 0.248 0.171 0.168 0.168 0.152 0.130 0.870 0.873 0.802 0.715 0.711 0.590 0.596 0.564 0.550
j 0.182 0.185 0.188 0.104 0.106 0.108 0.102 0.081 0.143 0.996 0.835 0.739 0.740 0.602 0.608 0.581 0.577
k 0.180 0.183 0.185 0.104 0.102 0.108 0.098 0.077 0.139 0.004 0.836 0.740 0.742 0.601 0.609 0.583 0.577
1 0.235 0.228 0.226 0.190 0.192 0.181 0.200 0.197 0.229 0.186 0.185 0.737 0.719 0.597 0.611 0.569 0.568
m 0.334 0.335 0.344 0.315 0.314 0.311 0.324 0.329 0.359 0.321 0.319 0.325 0.727 0.582 0.584 0.563 0.545
n 0.363 0.354 0.358 0.330 0.328 0.332 0.330 0.315 0.365 0.319 0.317 0.352 0.340 0.585 0.610 0.560 0.554
o 0.594 0.596 0.569 0.564 0.571 0.576 0.562 0.575 0.592 0.567 0.569 0.579 0.611 0.605 0.759 0.671 0.649
p 0.567 0.569 0.575 0.561 0.564 0.567 0.537 0.545 0.579 0.556 0.552 0.548 0.607 0.551 0.290 0.697 0.672
q 0.641 0.645 0.635 0.621 0.618 0.613 0.594 0.610 0.653 0.614 0.610 0.640 0.655 0.664 0.433 0.388 0.817
r 0.687 0.700 0.699 0.646 0.650 0.653 0.670 0.659 0.687 0.623 0.623 0.643 0.699 0.677 0.474 0.432 0.210

The upper right half of the table gives structural similarity values (18) for regions that can be unambiguously aligned in all of the considered
small-subunit rRNA sequences. A total of 1160 positions were considered. The structural distances (average number of base changes per
sequence position) are shown in the lower left half of the table. Sequence data are from the following organisms: a, rat (26); b, X. Iaevis (28);
c, A. salina (29); d, Z. mays (30); e, rice (31); f, A. castellanii (unpublished data); g, S. cerevisiae (32); h, P. tetraurelia (unpublished data); i,
T. thermophila (17); j, S. pustulata (18); k, 0. nova (18); 1, D. discoideum (12); m, T. brucei; n, E. gracilis; o, H. volcanii (34); p, S. solfataricus
(G. J. Olsen, personal communication); q, A. nidulans (35); r, E. coli (36).
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a X.laevis

- A.salina

0.1

-*Anidulans

E.coli

FIG. 2. Multikingdom phylogeny inferred from small-subunit rRNA sequence similarities. A phylogenetic tree was inferred by using the
structural distance data in Table 1. The analysis is limited to -1i30 positions. The tree was inferred by using the distance matrix methods of
Fitch and Margoliash (37) as described (18). The evolutionary distance between nodes of the tree is represented in the horizontal component
of their separation in the figure.

lated protists is similar to the homology between the other
eukaryotes and E. coli or H. volcani.

In contrast to the diverse phylogenetic origins of the
different protist groups, the plant, animal, and fungal lineages
originated during a relatively short period of time (as mea-
sured by rates of nucleotide substitutions in rRNAs), which
coincided with the divergence of certain other protist groups
including ciliates and acanthamoebae. At this time it is not
possible to identify which present-day protists are most
closely related to members of the other three eukaryotic
kingdoms. The bracket about the tree at the point of radiation
represents 1.0 nucleotide change per 100 positions; with such
small differences branching orders cannot be accurately
determined until a larger number of organisms are included in
the analysis. One can only speculate about the changes in the
ancestral protist group or environment that pressured these
organisms to quickly radiate into such highly distinctive and
adaptively separate lineages. The radiation might reflect a
mass extinction that was followed by the creation of a wide
spectrum ofnew ecological niches. Alternatively, new meth-
ods of organizing or processing genetic information may have
developed that conferred upon these ancestral organisms a
new and expanded evolutionary potential.

Several other features of our phylogenetic tree deserve
comment. On the basis of rRNA sequence similarities, it is
unlikely that themetazoa arose from the ciliates (39); the two
groups are separated by forms that gave rise to the Fungi,
higher plants, and probably a variety of other organisms. The
position of Euglena in the tree is also noteworthy. The
evolutionary distance between the higher plants and
euglenoids is enormous, yet, on the basis of phenotypic
characteristics produced by the plastids, euglenoids have

frequently been placed close to the green algae, which gave
rise to the higher plants (1). The discrepancy between plastid
similarity and host dissimilarity could be explained if plastid
characteristics were highly conserved or if similar plastids
had been acquired separately by the two groups long after
their evolutionary divergence. Finally, the relationship be-
tween the Euglena and Trypanosoma is of interest because
euglenoids and kinetoplastids are sometimes united into a
single phylum or supraphyletic assemblage (40). The rRNA
similarity values for E. gracilis and T. brucei suggest a very
distant relationship between the two and a long separate
evolutionary history.
The phylogenetic tree shown in Fig. 2 is "unrooted;"

however, groups of organisms that are known (by other
criteria) to be related can be regarded as "subtrees" (12). The
root of each subtree can be determined by sequence com-
parisons to organisms that lie outside the group. By using
either the eubacterial or the archaebacterial sequences as
out-groups, the deepest divergence in the eukaryotic line of
descent yet characterized by comparisons of small-subunit
rRNA sequences is represented by E. gracilis. There is no
objective method for placing the root of the entire tree. We
have arbitrarily placed the root so that the distance of the
common ancestor to the three major lines ofdescent is similar
for the eubacterial, archaebacterial, and eukaryotic repre-
sentatives in the tree.
The eukaryotes are commonily regarded as organisms that

evolved from forms related to present-day prokaryotes
through the acquisition of discrete nuclei and the other
organelles characteristic of extant eukaryotes. The eukary-
otes are seen as a younger group directly descended from
possibly still extant prokaryotic groups (41, 42). Alternative-
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ly, it is possible to regard the eukaryotes (excluding those
parts of the cell having an endosymbiotic origin) as a major
line of descent that separated from the line leading to the
modem prokaryotes (eubacteria and archaebacteria) before
the level of complexity usually associated with the prokary-
otic cell was even attained (43). The structures associated
with modem eukaryotic cells (nuclei, microtubules, Golgi
apparatus, mitochondria, chloroplasts) could have been ac-
quired gradually and long after the eukaryotic line had
separated from the prokaryotes. Our data can be construed
as supporting the second alternative. The eukaryotic lines
have not arisen from within the eubacterial or archaebacterial
assemblages.
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